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a  b  s  t  r  a  c  t

Therapeutic  targeting  of  the  immune  system,  including  chimeric  antigen  receptor-T  cell  therapy,  immune
checkpoint  blockade  therapy,  neoantigen  vaccines,  and  small  molecule  modulators  emerges  as  one  of the
most  effective  therapeutic  modalities  for treating  various  cancers  in human  patients.  However,  clinical
efficacies  of  these  immunotherapeutics  are  generally  modest  and  only  a minority  of  cancer  patients  ben-
efit  from  immunotherapy.  Further,  broad  adverse  effects,  lack  of  reliable  biomarkers,  tumour  relapses,
drug  resistance,  and  metastasis  have  become  increasingly  recognized  concerns,  which  may  restrain  their
clinical  utility.  Unlike  most  other  anticancer  strategies,  nanomaterial-based  therapeutics  parade  unique
and  distinct  biological  features  to achieve  precision  targeting,  local  drug  release,  and  enhancing  thera-
peutic  efficacy.  As long-term  and  sustained  release  of immunotherapeutics  are necessary  for enhancing
Drug  delivery
Immune checkpoint blockade
Immune-engineering

anticancer  immunity,  nanotechnology  ensures  accumulation  of  immunotherapuetics,  controlled  release,
and  precision  delivery  of  immune  drugs.  Combination  of these  two  therapeutic  modalities  would  pro-
vide  synergistic  efficacy  for effectively  treating  various  cancers  in  human  patients.  To  the  best  of  our
knowledge,  the  concept  of  combination  therapy  employing  nanomaterials  and immunotherapy  has  been
overlooked.  In this  article,  we discuss  possible  mechanisms  underlying  nano-immunotherapy  and  unique
opportunities  of  nanotechnology  in synergizing  cancer  treatment.
©  2020  Elsevier  Ltd. All rights  reserved.
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Introduction

The concept of cancer immunotherapy is based on the arti-
ficial stimulation of the innate and adaptive immune system to
kill malignant cells. Since the first immune agent aldesleukin
(PROLEUKIN®) was approved by the US Food and Drug Administra-
tion (FDA) in 1992 for clinical use, numerous immunotherapeutics
have been tested in clinical trials, including cancer vaccines,
adoptive cell therapy, and immune checkpoint blockade (ICB)
therapy [1–3]. In the tumour microenvironment (TME), cytotoxic T-
lymphocyte-associated antigen 4 (CTLA-4), programmed cell death
protein (PD-1), and its ligand PD-L1 are expressed at high lev-
els to escape from the host immunity recognition and clearance.
By targeting these molecules, the ICB drugs allow cytotoxic T
cells to recognize and kill tumour cells [4,5]. Therefore, the anti-
CTLA4 antibody ipilimumab, the first drug used for an immune
checkpoint (ICP) therapy, was approved in 2011 for metastatic
melanoma based on removing the immune system’s “brakes” [6,7].
Cancer immunotherapy revolutionizes cancer therapy with great
successes, including complete shrinkage of advanced refractory
tumours and long-term disease-free survival (DFS) [8]. More-
over, during 2014 and 2018 the US-FDA approved another set of
immune checkpoint therapeutics, including anti-PD-1 antibodies
(Pembrolizumab and Nivolumab) [9,10] and anti-PD-L1 antibodies
(Avelumab, Durvalumab, and Atezolizumab) [11]. Immunother-
apeutic agents, including vaccine adjuvants, T-cell stimulators,
dendritic cell (DC) activators, immune checkpoint inhibitors, and
drugs inhibiting suppressive cells, cytokines, and enzymes are
under preclinical and clinical investigation [12]. For example, clin-
ical trials using T-cell immunoglobulin mucin 3 (TIM-3), tumour
necrosis factor receptor superfamily member 4 (TNFRSF4), CD73,
and lymphocyte-activation gene 3 (LAG-3, CD233) are forthcom-
ing [13,14]. A milestone of the CD19-CAR-T-based immunotherapy
received approval in 2017 for treating B-cell lymphoma and B-
cell acute lymphoblastic leukaemia (Kymriah and Yescarta) [15].
Recent advances in neoantigen-based cancer vaccines have demon-
strated therapeutic efficacies in clinical trials [16]. In short, after
years of endeavors cancer immunotherapy has become the most
promising therapeutic modality for effective treatment of various
hematological and solid tumours [17].

Although cancer immunotherapy is effective in a minority of
cancer patients, majority of patients experience modest improve-

ment of overall survival [18]. The current principle of cancer
immunotherapy focuses on the T-cell-mediated tumour immunity.
However, T cells are not autonomous in their effector functions
[19–21]. Most cancer types evolve despite a competent immune
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ystem  and cancer cells literally adapt to treated TME, allowing
hem to evade the host tumour-suppressing immune surveillance
22]. TME  is a complex microenvironment that alters during each
ersonalized treatment [23]. This is the reason why only few peo-
le exhibit long-term responses in clinical cases of antibodies
gainst CTLA-4 and PD-1/PD-L1 [24]. Furthermore, oncogenesis
s accompanied with the accumulation of mutations that pro-
ide a selective advantage for cancer cells by increasing genetic
iversity and drug resistance [25]. This hinders the effectiveness
f conventional cancer vaccines and demands the development
f personalized vaccines [23]. Additionally, tumour-infiltrating
ymphocytes (TILs) are important prognostic markers for tumour
mmunotherapy [26]. TILs-lacking tumours are generally charac-
erized as “non-inflamed” with worse outcomes [27]. However,
umours usually exhibit a confined biological barrier and infil-
rated lymphocytes have difficulties to target core areas of solid
umours to execute their cytotoxic activity within an immuno-
uppressive microenvironment. Therefore, cancer vaccines and
ntigen-targeted therapies are less effective in patients. Despite the
nown knowledge of genetic mutations, immune cell infiltration,
nd immune tolerance, immunotherapy faces many challenges
owards survival improvement in a majority of cancer patients and
naffordable treatment expenses [28,29].

During the development of advanced cancer immunother-
py, how to safely and effectively stimulate immune responses
gainst cancer remain as a major challenge. In order to over-
ome these unmet needs, nanomaterial-based nanomedicines
s new approaches that carry drugs in the carrier materi-
ls were developed, which can provide safety and therapeutic
ffect for immunotherapies. As a result, nanotechnology provides

 unique opportunity that might revolutionize cancer therapy
30]. Nanomedicine refers to the implementation of nanotech-
ology to medical fields for diagnosis, therapy and prognosis
31]. Cancer nanomedicine has now emerged as a powerful
latform for cancer imaging, diagnostic, therapeutic, or thera-
ostic strategies [32]. Common nanomedicine formulations are

iposomes, micelles, nanocrystals, polymers, dendrimers, 2D mate-
ials, nanotubes, and other nanoparticles (NPs) (Fig. 1). Among
hese nanoparticles-based formulations, various types of nanopar-
icles were used mainly due to the fact that these various
ormulations exhibited different accumulation ability in tumors,
ancer cellular uptake and cellular responses. Moreover, nanopar-

icles themselves also brought the opportunities for combined
herapies, such as radio-immunotherapy, photo-immunotherapy,
hemo-immunotherapy and so on. Nanoparticle-based cancer
mmunotherapy emerges as an important component for cancer
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Fig. 1. A variety of nanomedicines

therapy [33–35]. Immunotherapy often cause a series of immune-
related adverse events (irAEs) and even life-threatening toxicity
[36]. Nanomedicines offer exciting opportunities for resolving clin-
ically related obstacles, including non-specific drug biodistribution,
drug resistance, and adverse effects. Along this line of devel-
opment, nanomedicine-based cancer immunotherapy minimizes
drug dosages and promotes anticancer efficiencies by control-
ling drug release behaviour, kinetics, and pharmacodynamics. In
tumours, tumour-associated macrophages (TAMs) often undergo a
phenotypic transition from the M1  type into an aggressive M2-type,
which promotes cancer metastasis [37]. Similarly, cancer cells acti-
vate immune-checkpoint pathways to acquire immune tolerance
[38]. Nanomedicines serve as vehicles to deliver potent immune
stimulators such as immune adjuvants, siRNAs, antigens, drugs, and
their combinations for modulating the immune-related microen-
vironment, immune response, and clinical outcomes [39,40].
Light-based nano-therapy such as photodynamic therapy (PDT)
[41] and photothermal therapy (PTT) [42] employs implement of
nanomaterial-based photosensitizers within tumours, followed by
illuminating with an infrared light to trigger a tumour-localized
hyperthermia or molecular oxygen to elicit cell death (photo-
toxicity). These approaches utilize a diverse array of nanoparticles,
included organic, inorganic, and organometallic NPs [43–46]. To
date, there are several nanomedicines have been approved against
cancers, such as DaunoXome® (liposomal Daunorubicin, 1996),

Onivyde® (liposomal Irinotecan, 2015), Nanotherm® (Iron oxide,
2010), Abraxane® (Albumin-bound paclitaxel nanoparticles, 2005),
Oncaspar® (PEGylated l-asparaginase, 1994), Eligard® (Leuprolide
acetate and polymer nanoparticles, 2002) and others [47]. It indi-
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ergizing cancer immunotherapy.

ates  that most promising anti-tumour nanoparticles in terms of
easibility and applicability are inclined to polymer and liposo-

al nanomedicines. As more and more nanoparticles are further
tudied in preclinical and clinical trials, new translational nan-
drugs will be developed in the future, including the extracellular
esicles (including exosomes) and inorganic nanoparticles [48,49].
ccording to the clinicaltrials.gov, 3603 clinical trials with tumor

mmunotherapy have been registered in 2020. Among them, there
re more than 24 clinical trials with nanoparticle-based cancer
mmunotherapy (search terms ‘liposome’ or ‘nanoparticle’ with
tumour immunotherapy’).

This  review summarizes: 1) a brief overview of the current
chilles’ heel of cancer immunotherapy; 2) the current knowledge
nd challenges of nano-immunotherapy; and potential new ther-
peutic paradigm of immune-bioimaging, nano-immunotherapy,
nd combination therapy (Fig. 1).

chilles’ heel of cancer immunotherapy

Immunotherapy has become one of the most promising and
ffective therapeutic modalities for treating various primary and
etastatic cancers. Compared with conventional strategies, includ-

ng surgery, radiation therapy, and chemotherapy, immunotherapy
s initially perceived as a relatively less toxic therapeutic modality.

arious proteins, antibodies, peptides, small molecule drugs, adju-
ants, cytokines, viruses, pathogens, bispecific molecules, and cells
ave been propagated for treating different cancers by modulating
he immune system [7]. However, immunotoxicity and autoim-

unity are increasingly recognized as serious clinical issues i.e.,
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the Achilles’ heel of immunotherapy, especially with the recently
successful ICB strategy [50]. First, a recent survey indicates that
immuno-oncologic drug-induced irAEs affects numerous tissues
and organs, including the nervous system, skin, endocrine glands,
gut, liver, lung, and other tissues. Some studies show immunother-
apy might induce a series of autoimmune diseases, including
thyroiditis, diabetes mellitus, systemic lupus erythematosus, celiac
disease, and rheumatoid arthritis [36]. For example, cytokine ther-
apy induces capillary leakage, vaccines trigger a low level of
autoimmunity, cell therapy can cause a harmful cross-reactivity
with the normal organs, and ICB often induces irAEs in the treated
host [51–53]. In general, the majority of these adverse events is
related with elevated expression levels of cytokines, increases of
the CD4+ T helper cells (Th), hyperactivated cytotoxic CD8 + T cells.
Approximately, 90 % of anti-CTLA-4 antibody (ipilimumab)- and
70 % of PD-1/PD-L1 antibody-treated cancer patients develop irAEs
[6,54,55]. The onset of clinical immunotoxicity manifestations can
vary from weeks to years. For example, the onset of thyroiditis can
occur 3 years post-treatment with ipilimumab [56]. The full version
of the national comprehensive cancer network (NCCN) guidelines
for clinical management of irAEs are published online in 2019 [57].

Immunotherapy induces systemic anticancer responses and
evokes memory T cells in cancer patients. Unfortunately,
immunotherapy produces very limited clinical efficacies and is
ineffective to treat most types of cancers. In addition to extrin-
sic factors such as age, an immunogenic TME is probably the
key factor for affecting clinical outcomes [20]. Thus, mechanistic
insights underlying cancer immunotherapy mainly should focus
on understanding the crosstalk between cancer cells and host
immune cells and explaining how cytokines, chemokines and asso-
ciated pathways affect tumour immune-evasion [58]. According
to the immunophenotypes, tumours are categorized into three
broad types: inflamed tumours, immune-excluded tumours, and
immunologically ignorant tumours (immune deserts tumours)
[59]. Recent clinical findings suggest that the frequency of TILs
with high density of IFN-�-secreting cytotoxic T lymphocytes in
the inflamed tumour is a critical marker for successful treatments
[19]. Inflamed tumours exhibited elevated expression levels of
proinflammatory cytokines, including interleukin (IL)-1�/2/12/23
and TNF-� [60]. Further, T cell phenotypes and their localization
within TME  are likely to impact the efficacy of immunotherapy
[61]. T cells often express inhibitory proteins such as CTLA-4 and
PD-1, and other immunosuppressive markers, suggesting dysfunc-
tional T cell with anergy, senescence, exhaustion, and stemness
[62,63]. The immune system has a unique ability to acquire immune
tolerance for suppressing host autoimmunity. Tumours take the
advantage of immune-tolerance to escape immune surveillance
[64]. Thus, the fine balance between cancer cells and cancer
hosts constantly alters during cancer progression [59,65]. Tumours
also escape immune recognition and elimination by decreasing
expression of major histocompatibility complex (MHC) molecules
and tumour-associated/specific antigens and by increasing expres-
sion of immunosuppressive factors such as vascular endothelial
growth factor (VEGF) and IL-10 [66,67]. Other factors involve
in immunity-evasion are immunosuppressive-associated cells,
including myeloid-derived suppressor cells (MDSCs), tumour asso-
ciated macrophages (TAMs), regulatory B cells, tolerogenic DCs, and
regulatory T cells (Tregs) [68,69].

Nanomedicine platforms for cancer immunotherapy
To remedy the disadvantages or unmet needs of current tra-
ditional immunotherapy, a large variety of nanomedicines have
been generated with their appealing features for bioimaging,
drug vehicles, anti-tumour immunity stimulators, supervisors
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gainst  tumour immune evasion, and synergistic therapies. These
anomedicine platforms are built on the basis of functionalizing the
Ps and changing their surface [70,71]. For example, the physico-
hemical properties of NPs can be adjusted to stimulate immune
ells, such as DCs and macrophages. NPs can further improve
heir pharmacological properties, including solubility, in vivo sta-
ility and pharmacokinetic characteristics, and protect biological
rugs from premature release and degradation. More importantly,
umour-targeted NPs can be designed to deliver chemotherapeutic
gents to target specific organs and reduce the off-target toxicity,
nd a diverse array of NPs in terms of composition, for example, bio-
ogical, organic, inorganic, and organometallic are developed. For
xample, the first drug for nanomedicine, the liposomal doxoru-
icin, was  approved in 1995. The liposomal doxorubicin passively
argets tumours, and its cargo is released, starting its effect on
umour cells [72]. Importantly, TME  experiences hypoxia, low pH,
bnormal expression of glutathione and enzymes. NPs could be
esigned as a controlled drug vehicle into tumours, for example, by
ypoxia-, enzyme- or acid-dependent drug release. Nanomedicine
latforms can further be light-triggered, electric pulse-sensitive,
r magnetic field-navigated with intended external conditions. In

 gel-based system for the localized treatment, intelligent features
f nanocomposites may  also control the swelling behaviour and
he potential slow drug release for better immunity stimulation
73–76].

anomedicines for immuno-bioimaging

Generally,  medical imaging began with the X-rays, and was fol-
owed by the applications of positron emission tomography (PET),
ingle photon emission computed tomography (SPECT), ultrasound
US) detection, computed tomography (CT), magnetic resonance
maging (MRI), and optical imaging (OI) [77,78]. During tumour
mmunotherapy, it is of great significance to monitor the behaviour
f key immune cells and pharmacokinetics of drugs and antibod-
es in vivo and in tumours with medical imaging. Nanotheranostics
.e., theranostic nanomedicines were developed to diagnose and
reat cancers for assisting in the tumour immunotherapy (Fig. 2a)
79,80]. In addition, nanotheranostics can be used for non-invasive
maging of drug delivery, drug release, and drug efficacy in vivo.

any nanotheranostics are used and optimized at the preclinical
nd clinical levels, such as superparamagnetic iron oxide NPs [81],
olymer [82–85], copper-, fluor- and iodine-labelled NPs [86–88],
ir-filled micro- and nanobubbles [89], liposomes [90], inorganic
Ps [91–94], micelles [95] and indocyanine green (ICG) [96,97].

In  the area of X-ray imaging and CT imaging, gold nanoparticles
GNPs) have many advantages, such as nontoxicity, a high X-ray
ttenuation, facile synthesis approach and easy surface functional
odification [98,99]. During the cell-based immunotherapy, it is

ssential to visualize adoptive cell tracking with accurate imag-
ng techniques. Meir et al. developed a novel methodology for
ongitudinal and real-time tumor-specific T-cell tracking in vivo

ith X-ray computed tomography and GNPs [100]. Results showed
hat GNPs-T-cells targeted at the tumor site, and inhibited tumour
rowth in a melanoma xenograft model (Fig. 2b). Additionally,
otal TAM numbers and their dynamic spatiotemporal distribu-
ion in a non-invasive and translationally relevant manner can
e quantified. Kim et al. [88] developed a 64Cu-labeled polyglu-
ose nanoparticles (Macrin) for PET imaging of macrophages in
umours and offers a selective and translational means to quantify
AMs and inform therapeutic decisions (Fig. 2c). Recently, tumour-

oming NPs for cancer theragnosis are largely studied as tumour

mmunotherapeutic agents. For example, Dai’s group designed
ubic-phase (�-phase) erbium-based rare-earth NPs (ErNPs) for
ynamic observation of cancer immunotherapy, exhibiting bright
own-conversion luminescence at ∼1,600 nm (Fig. 2d) [82]. In vivo
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Fig. 2. Nanoparticles for immuno-bioimaging. a) Clinical imaging modalities and targets for T-cell imaging. Printed with permission from Ivyspring International Publisher
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[80].  b) Engineering of GNPs-T cells and its time-dependent detection in tumors by 

Macrin  nanoparticles (orange) in lung tumors (blue and cyan). Printed with permis
of  a CT-26 tumour mouse injected with ErNPs-aPDL1 (green colour, upper left) and

near infrared (NIR)-IIb molecular imaging of CD8 and PD-L1 indi-
cated the presence of CTLs in the TME, and altered CD8 signals
in tumour and spleen due to activation of host immunity after
immunotherapy. Xu et al. [87] developed a promising immuno-
bioimaging platforms with mesoporous silica nanoparticles (MSNs)
for PET-guided PDT and neoantigen-based tumour immunotherapy
against the advanced cancer.

For  clinical translation, designing nanoparticle-based imaging
agents should have prerequisites of minimal background signal,
improved targeting and low biotoxicity, such as FDA-approved
Feridex® and GastroMARKTM. Besides iron oxide nanoparticles
(Feraheme®), gold nanoparticles (AuroLase®), tumour specific flu-
orescence imaging and Cornell dots (C-dots) [101–105], we  are
likely to witness an increase of imaging agents under the clin-
ical trials combined with optical imaging, MRI, CT, ultrasound
and others. Moreover, nanomedicine-based imaging can be inte-
grated in a valuable feedback loop for further optimization of
nanoparticle-induced tumour immunotherapy. It can evaluate
therapeutic effects of nanomedicines, quantify tumour growth and
metastasis, monitor tumour inflammation and metabolic activity
[106].

Nanomedicines as delivery platforms for immunological agents

During  tumour immunotherapy, immunomodulatory agents
and antigens are generally facing problems of drug intake, sol-
ubility, stability, systemic toxicity, and controlled release in a
targeted treatment [107,108]. Tumour immunotherapy also needs
to optimize strategies of controlled release of the antigen, targeting
performance, adjuvant presentation, and robust immune response
[109]. Recent achievements in the field of material synthesis facil-
itated the application of nanomedicines as delivery vehicles to

overcome these barriers. As drug delivery vehicles, nanomedicines
with an ultra-large surface-to-volume ratio and various surface
chemistry (such as covalent bond, hydrogen bond, �-� interac-
tion and electrostatic adsorption) are considered, aiming to target
group modifications and to control stimuli-responsive drug release.
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nted with permission from American Chemical Society [100]. c) PET/CT imaging of
om American Chemical Society [88]. d) Two-plex molecular imaging (upper right)
CD8 (red colour, lower left). Printed with permission from Springer Nature [82].

n  addition, the material type (biological, organic and inorganic
aterial), the size, and the functionalization (biocompatibility,
agnetism, photosensitiveness) have an impact on the biodistribu-

ion of nanomaterials in tissues. For example, particles with sizes
rom 10−250 nm mostly target liver and spleen, whereas those
elow 10 nm are preferably distributed into other organs such
s brain and kidney. To maximize the accumulation in the drain-
ng lymph node (DLN), the nanovaccine should be near 10−50
m in diameter and stable in the tissue fluids [70]. Moreover,
anomedicines could be carried and released by the following
iomaterial delivery platforms (Fig. 3a): (i) liposomces, (ii) poly-
er NPs and microparticles, (iii) self-assembled materials, (iv)

olymer scaffolds, and (v) microneedles and other macroscopic
evices, and the key characteristics of these platforms used in
umour immunotherapy are summarized by Christopher Jewell
110]. In short, the composition of the delivery vehicles ranges from
rganic to inorganic materials. For example, liposomes-derived
anomedicines have been approved and successfully utilized for
ancer therapy in clinical practice, such as Lipusu® (liposomal
aclitaxel) [111]. It is also widely studied in preclinical oncol-
gy researches due to the advanced biocompatibility and various
pproaches for functionalization of liposome. Moreover, polymer
Ps with easy modified chemistry and stimuli responsive proper-

ies have been studied as well. Mesoporous silica nanoparticles are
xcellent delivery platforms due to the various available morpholo-
ies, which exhibit unusual loading and release performance of the
elivered agents. Many of the delivery platforms are engineered
ith functional groups that respond to pH, light and TME, which

an be used to control the release and targeting performance of the
elivery vehicles. Besides, these NPs are used to explore the criti-
al role of NPs in activating, modulating, and suppressing immune
athways. NPs with these properties are promising next genera-

ion materials delivering immune agents and modulating immune
bility in cancer immunotherapy.

To  facilitate cancer immunotherapy, nanomedicines with
mmunological agents are designed to target different cells
nd biological molecules. It appears to be more significant to
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Fig. 3. Nanomaterials as delivery vectors of immunological agents. a) Key classes of
A  high-density lipoprotein (sHDL) combined with immune checkpoint blockade (IC
serine (CSS) linker. Cho-CpG: cholesterol-modified immunostimulatory molecules. 

for  cancer immunotherapy. Printed with permission from Elsevier BV [134].

target antigen-presenting cells [112–116], cytotoxic T lympho-
cytes [117–119], tumour-associated macrophages [120–122], NK
cells [123,124], platelets [125,126], monocytes [127,128], MDSCs
[129,130] and others. Generally, targeting antigen presenting cells
(APCs) with nanomedicines and antigens is crucial for the matura-
tion and activation of APCs in boosting host antitumour immunity.
For example, personalized immunotherapy with free neoantigens
is not enough for APC activation, because they lack co-stimulating
signals and strong CD8�+ cytotoxic T-lymphocyte (CTL) responses.
Neoantigens can be delivered to DCs residing in the draining lymph
node by nanomaterials and prompt the simultaneous maturation
of the cells. Thus, Moon’s group engineered a high density lipopro-
tein (sHDL)-based delivery nanoplatform with antigen peptides
and adjuvants (Fig. 3b) that efficiently target the draining lymph
node where they were taken up by naïve DCs and activated over
47-fold greater frequencies of antigen-specific CTLs than solu-
ble antigen vaccines, and even had a better ability of immunity
induction than the CpG adjuvant in clinical trials [113]. More-
over, a nanotechnology-based DCs targeting vaccine is reported by
Zhang et al. [131]. Through incorporating the antigen (ovalbumin,
OVA), a toll-like receptor 7/8 (TLR 7/8) agonist and a TLR4 ago-
nist in the lipid-polymer NPs, the authors showed that the novel
nanomedicine significantly enhanced cytokine secretion and mat-
uration of DCs. The reported nanomedicine showed a strong ability
to transfer to secondary lymphoid organs, resulting in the induction
of an increased amount of effector T cells, memory T cells, anti-
bodies and IFN-�. This nanomedicine further showed an efficient
tumour inhibition, for an effective therapeutic tumour effect.

To  stimulate both humoral and cellular responses, many

strategies employing microneedles have been proposed to target
skin-resident immune cells and release nanodrugs [132,133]. In the
treatment of tumour, Lee et al. reported that a microneedle-based
smart DNA vaccine was engineered, in which nucleic acid-based

N

a

6

aterials as drug delivery vectors. Printed with permission from Cell Press [110]. b)
rapy for cancer vaccines. CSS-antigen: Ag peptides modified with a cysteineserine-
d with permission from Springer Nature [113]. c) Microneedle-based DNA vaccine

accine  was coated onto the microneedle with a pH-responsive
rug release [134]. Microneedles can patch onto the skin, release
djuvants and DNA vaccines, enhance DC maturation, and thereby
rigger the antibody-dependent cell-mediated cytotoxicity and
D8+ T cells. Strikingly, microneedle-assisted smart DNA vaccine
an elicit greater frequencies of anti-ovalbumin (OVA) IgG1 anti-
ody in serum and 3-fold excess of cytotoxic CD8 + T cells than
oluble DNA vaccine in mice (Fig. 3c).

Furthermore, off-target normal tissues are often reached by
he immunomodulatory agents delivered by systemic injection,
hus causing irAEs. Local drug delivery platform may  circum-
ent systemic cytotoxicity and overstimulation of immunotoxicity.
ydrogels are widely used as a local drug delivery platform, in

hat biological compounds such as peptides and proteoglycans are
ntegrated to mimic  the natural extracellular matrix (ECM). Gu
t al. developed a series of gel depot for tumour immunother-
py [135,136]. For example, a reactive oxygen species (ROS)/pH
ual sensitive gel depot (Zeb-aPD1-NPs-Gel) is engineered with
alcium carbonate NPs (CaCO3 NPs) for the co-delivery of anti-
D1 antibody (aPD1) and Zebularine (Zeb), a hypomethylation
gent [135,136]. This agent can enhance the PD-1/PD-L1 block-
de therapy by inducing tumour-associated antigen expression
n patients with advanced melanoma which has a lower expres-
ion of this antigen. Results showed that this gel delivery platform
or nanomedicines and immunological agents have superior abil-
ty to control drug release, increase the immunogenicity of cancer
ells, reverse the immunosuppressive TME, and inhibit the tumour
rowth in melanoma-bearing mice model (Fig. 4).
anomedicine-mediated immunity elicitation

In the context of “cancer-immunity cycle” (Fig. 5) [19], tumour
ntigens are first exposed from necrotic and apoptotic tumour cells
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Fig. 4. A gel depot for cellular epigenetic modulation and immune checkpoint blo
modulation and ICB therapy. b) Image of hydrogel loaded with aPD1-NPs by the cr
gel  depot. d) Tumour growth after various treatments with a subcutaneous B16F10
+  T cells in tumour tissues. g) flow cytometry analysis of CD4+/CD8 + T cells. Printed

and processed by antigen presenting cells (APCs), such as DCs. In
the draining lymph node, matured DCs prime and activate naive
T cells to effector T cells. These functional T cells infiltrate into
the tumour tissues, and recognize and kill cancer cells through
MHC and T cell receptor (TCR) interactions. The apoptotic cancer
cells release additional tumour associated antigens, and further
strengthen the subsequent revolution of the cycle. In addition,
nanomedicine-mediated antitumour immunity elicitation is feasi-
ble during cancer-immunity cycle combined with various methods
described in Fig. 5.

Conventional  vaccines are characterized by a rapid antigen
degradation and inefficient DC presentation. More importantly,
studies proved that antigens presented by immature DCs with
the absence of adjuvants is easy to induce immunity tolerance
[137]. However, nanovaccine can enhance the efficiency of anti-
gen presentation in vivo with alum particulates, virus-like particles
and emulsions composed of bacterial and viral components. The
co-delivery of antigen and adjuvants by nanomaterials protects
the antigens from degradation and inefficient DC presentation,
and result in more intense T-cell responses. For example, Fig-
dor CG’s group [138] showed that poly (lactic-co-glycolic acid)
(PLGA)-encapsulated antigens and adjuvants had an enhanced T-
cell response when compared with soluble vaccine components,
by increasing antigenicity and adjuvanticity for DC activation and
maturation. Furthermore, certain nanomaterials, such as tumour

derived exosomes [139], gradable polymer [140], cationic lipid R-
DOTAP [141] and metal and inorganic NPs [142], have inherent
capacities of immune stimulation without the help of adjuvants.
Recently, a STING-activating nanovaccine, comprising a simple
mixture of an OVA antigen and polymeric nanoparticles (PC7A
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 (ICB) therapy. a) Graphical illustration of the combination strategy of epigenetic
nning electron microscopy (Cyro-SEM). c) Drug release analysis of aPD1 from the

ur model. e) Mice survival curves after various treatments. f) Measurement of CD8
 permission from Wiley-Blackwell [136].

Ps),  has been studied for its ability in achieving a strong anti-
en cross-presentation and OVA-specific cytotoxic T-cell responses
Fig. 6a–d) [143]. Results showed that PC7A NPs could inhibit
umour growth of melanoma, human papilloma virus E6/E7
umour models and colon cancer. Mechanistically, the PC7A NPs
chieved an improved tumour antigen delivery while simulta-
eously activating the cross-presentation in APCs and stimulate
TING-dependent adaptive immune responses against tumours.

In  another study, the antigen-capturing NPs (AC-NPs) are
esigned for the enhanced exposure of antigens by antigen-
resenting cells. Wang’s group reports an improved cancer
adiotherapy with an ICB approach using AC-NPs, that deliver
umour antigens to APCs, enhance DC presentation and sig-
ificantly improve the efficacy of PD-1-induced ICB treatment
Fig. 6e) [144]. Several AC-NP formulations are engineered using

 biocompatible and biodegradable PLGA. The NPs’ surfaces are
odified to enable binding of the tumour-derived protein antigens

TDPAs) depending on the NP surface chemistry properties, such as
oncovalent hydrophobic-hydrophobic and covalent interactions.
echanistic studies show that local radiotherapy induces cancer

ell death and TDPAs exposure. These antigen-bound AC-NPs can
eliver TDPAs to APCs and nearby tumour- draining lymph node,

nduce an expansion of CD8+ cytotoxic T cells and generate up to a
0% cure rate compared with 0% without AC-NPs, using the B16F10
elanoma model.

Lymphoid  organs, are sites in which mature immune cells are

ecruited, and antigen presentation and activation and amplifi-
ation of T- and B-lymphocytes happened. Traditional tumour
accines are insufficient in activating local immunity in lymphoid
rgans. Sahin’s group [145] developed an RNA-lipoplexes (RNA-
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Fig. 5. Schematic illustration of the cancer-immunity cycle. Stimulatory and inhibit
the  cancer-immunity cycle. Printed with permission from Cell Press [19].

LPX) NP that can protect RNA from biological degradation, precisely
mediate uptake by DC and macrophages (Fig. 7a–c). Protected
RNA is encoded with antigen in various lymphoid compartments
and triggers interferon-� (IFN-�) release in DCs. Furthermore,
RNA-encoded mutant neo-antigens or self-antigens has ability
of stimulating strong effector and memory T-cell responses, and
mediates an IFN-�-dependent rejection of progressive tumours.
In the phase I dose-escalation trial with three melanoma patients,
IFN-� and strong antigen-specific T-cell responses were induced,
supporting the identified mode of action and potency. In addition,
other attempts to deliver protein antigens include the development
of an active NP targeting DC (such as liposomes, PLGA polymers, and
GNPs) with various DC-specific surface receptors [146], such as Fc
receptors [147], C-type lectin receptors (CLRs) [148], CD40 [149]
and CD11c [150]. Moreover, mesoporous silica nanoparticles can
directly carry cancer antigens to host DCs in the draining lymph
node, without the need of DCs isolation from patients for cancer
vaccines [151]. Many strategies have been examined to target the
lymph node with NPs, and thus promote the immunity elicitation
[152].

Tumour immunotherapy is often costly, which may  limit its
use in clinical trials. During the last years, artificial immune cells
have become a promising field against cancer, such as artificial
APCs [153]. The synthetic APCs are made from various nanoma-
terials, MHC-peptides and co-stimulatory molecules. For instance,
Prakken et al. [154] used artificial APCs (aAPC) with MHC  class II-
peptide molecules incorporated in the liposome to activate CD4 +
T cells in vitro. Additionally, biodegradable polymers and NPs are
extensively applied for aAPC systems. Fadel et al. [155] showed that

high-surface-area carbon nanotube-polymer composites (CNP) can
be employed aAPCs to activate and expand T cells in vitro. The car-
bon nanotube-based aAPCs combined with antigens, magnetite and
interleukin-2 (IL-2) has inhibited the murine melanoma tumour
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ements in the cancer-immunity cycle, and alternative treatments that might affect

rowth  (Fig. 7d–f). Furthermore, Janus particles, which are particles
ith two  distinct faces, are other useful nanomaterials for the syn-

hetic APCs. For example, Yu et al. [156] developed a Janus particle,
hose one side has a magnetic-sensitive ability and the opposite

onjuncts with stimulatory ligand (anti-CD3) for controlling of T
ell signalling and T cell activation. The immune response has close
elationship with other lymph organs, such as spleen, thymus and
ymph nodes. Thus, bioengineering artificial lymphoid organs are
eveloped for T cell expansion, and three-dimensional (3D) scaf-
olds have been widely applied with various materials, including
ollagen, synthetic polymers and inorganic mesoporous silica rods
153,157,158].

anomedicine-mediated promotion of CTL activity

anotherapeutic ICB
Therapeutic  effects of cancer immunotherapy are limited in

ost of tumour patients by the negative regulators of antitu-
our immune activation, such as the immune checkpoints (ICPs).
lthough they are significantly important in keeping a dynamic
quilibrium between host immune clearance and tumour tol-
rance, negative immune regulators, such as CTLA-4 and PD-1
olecules, are cleverly used by tumour cells to inhibit T cell acti-

ation and proliferation. However, the latest breakthrough of ICB
elies on the high expression of PD-L1 in tumour cells, pre-existing
umour-infiltrating T lymphocytes expressing CTLA-4/PD-1 in
inflamed” tumours, and/or other new inhibitory receptors (IRs),
uch as LAG-3, TIGIT and B7-H3/4/5 [159]. Recent substantial clin-

cal progress in cancer is made by using the anti-CTLA-4 and
nti-PD-1/L1 antibody. A single ICB is not enough to reverse
umour immunosuppressive microenvironment and kill cancer
ells thoroughly. More strategies attempted to combine the ICB-
ssociated strategy with NPs to enhance the effectiveness of tumour
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Fig. 6. Nanomedicine-mediated immunity elicitation. a) Design strategy of the poly
lymph  nodes. c) Detection of IFN-� in OT-I CD8 + T cells. d) Survival curves of vario
depiction of the antigen-capturing nanoparticles (AC-NPs). Printed with permission

immunotherapy, allowing for a controllable release of ICP antibod-
ies and adjuvants, and enhancing the tumour infiltration of CD8 + T
cells [160–162]. For example, Zhang et al. reported a dual-locking
nanoparticle (DLNP) that can deliver the clustered regularly inter-
spaced short palindromic repeat (CRISPR)/ Cas into tumour tissues
with dual stimuli response control [163]. Once the CRISPR/Cas13a
system locates the tumour cell, plays a role in targeting and disrupt-
ing the programmed death-ligand 1 (PD-L1) through gene editing,

thereby leading to the activation of T-cell-mediated immunother-
apy (Fig. 8).

Moreover, Wang et al. designed a self-biodegradable micronee-
dle patch to cure melanoma, that released anti-PD-1 in a sustained
manner from pH-sensitive dextran NPs [117]. In another recent
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 nanoparticles PC7A nanovaccine. b) CD86 expression on CD8�+ and CD8�- DCs in
ted mice. (a-d) Printed with permission from Springer Nature [143]. e) Schematic

 Springer Nature [144].

tudy,  NPs deliver ICB regulatory agents such as CTLA-4-siRNA
siCTLA-4) into T lymphocytes, thereby enhancing T cell activa-
ion and T cell-mediated antitumour immunity proliferation, and
educing the ratio of inhibitory Tregs in tumour infiltrating lympho-
ytes (TILs) in the mice B16 melanoma model [164]. In addition, Yue
t al. [165] reported a combinatorial tumour-therapeutic modality
f non-invasive sonodynamic therapy with anti-PD-L1-based ICB.
he nano-sonosensitizers HMME/R837@Lip was  constructed with

iposomes, sonosensitizers hematoporphyrin monomethyl ether
HMME) and imiquimod (R837). The combined therapy inhibited
rimary tumour progression and prevented lung metastasis with
he nanotherapeutic ICB induced anti-tumour responses and a
ong-term memory T cells against tumour re-challenge.
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Fig. 7. Various nanoparticles used for the artificial immune cells. a) Fluorescence imaging of CD11c+, Cy3+ cells in spleen after injection with RNA-LPX. b) tumour growth
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and  tumour metastasis load in lungs with CT26-Luc cells. c) Mechanism of action
illustration of three properties of the engineered carbon nanotube-polymer compo
a  murine melanoma model. DYNA-EXO: Dynabeads (commercially available magn
exogenous IL-2. (d-f) Printed with permission from Springer Nature [155].

Nanotherapeutic adoptive T cell therapy
Adoptive T cell therapy, utilizing original or genetically modi-

fied T cells, is a cancer immunotherapy in which a T cell population
is cultured and expanded in vitro and is re-infused back into the
host immune system. Recent clinical trials of artificial T cells with
chimeric antigen receptors (CAR) and T cell receptor (TCR), have
made a great progress in the treatment of various cancers. In order
to overcome the bottleneck of adoptive T cell therapy against solid
tumours and decrease the cost of the therapy, nanotechnology has
been incorporated in the engineering of adoptive T cell therapy.
For example, Smith and his team developed a method for in situ
programming of leukaemia-specific T cells using polymer-based
NPs that bind CD3 on T cells and deliver a CD19-CAR DNA that is
integrated into the circulating T-cell nuclei (Fig. 9a) [166]. These

polymer NPs are easy to construct in a stable form and provide
an applicable way to treat B-cell acute lymphoblastic leukaemia.
Moreover, activated T cells have increased redox activity at the T
cell surface, and it can be used for the drug release with a reduction-
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NA-LPX. (a-c) Printed with permission from Springer Nature [145]. d) Schematic
CNP). e) Characterization of CNP. f) Antitumour effect of CNP-expanded T cells in
eads) with exogenous IL-2; TET-EXO: soluble tetramers presenting antigens with

esponsive  NP. Tang et al. developed the IL-15Sa-nanogels (NG) to
hange T cell surface redox activity and promote T cell expansion
167]. Results shows that T cells packaged with TCR-responsive
rotein nanogels expanded more than 16-fold of adoptively trans-
erred T cells in tumours, thereby increasing tumour clearance in

urine or human adoptive T cell therapy in vivo without toxicity.
To  improve their ability to kill tumour cells, CAR-T cells need

o efficiently target the intratumoral cells and continuously accu-
ulate in the tumour tissues. However, the complex desmoplastic

tructure, tumour immunosuppressive environment, the abnor-
al vascular system and other factors in the TMEs, reduce the

fficient infiltration of CAR-T cells. Strategies of promoting the
nfiltration of CAR-T cells in solid tumours have been developed

ith nanoparticles-based therapies. For example, Gu’s group [168]

eported that Chondroitin sulfate proteoglycan-4 (CSPG4)-specific
AR-T cells (CAR.CSPG4 + T cells) were engineered and injected

nto mice after mild heating of tumour. Studies showed that
umour hyperthermia induced physicochemical and physiologi-
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Fig. 8. A dual-locking nanoparticle (DLNP) in disrupting PD-L1 expression for cancer immunotherapy. a) Schematic illustration of DLNP in the cancer ICB immunotherapy.
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b) Tumour growth curves after various treatment in mice groups. c) Mice survival af
T-cell  in tumours. f) Schematic illustration of C57BL/6 mice co-bearing with 4T1 (rig
groups.  h) Analysis of CD4+/CD8 + T cells within 4T1 and B16F10 tumours after tr
[163].

cal changes of the tumor, and increased the therapeutic efficacy
of CAR-T cells in solid tumours with an increased tumour infil-
tration (Fig. 9b–d). Besides, Lee et al. reported the activation of
T cells by new type of two-faced Janus nanoparticles [169]. The
novel two-faced Janus nanoparticles were fabricated with dual lig-

ands of different functions modified on spatially separated surface
of a single nanoparticle, by precisely controlling the amount and
density of the ligands on nanoparticles. The authors showed that
the two-faced Janus nanoparticles exhibited a greater level of T

N

m
[

11
rious treatments. d) Weight changes in different mice groups. e) IHC of CD8+/CD4 +
d B16F10 (left) tumours. g) Tumour growth curves after various treatment in mice
nt with PBS or DLNP respectively. Printed with permission from Wiley-Blackwell

ells activation than the conventional nanoparticles with a uni-
ormly distributed ligand coating. The authors further attribute the
nhanced effect to the increased local ligand coating on the surface
rought by the unique structure of the nanoparticles.
anotechnology-mediated TME  modulation
The tumour microenvironment (TME) contains numerous

atricellular proteins and innate and adaptive immune cells
170,171]. Antitumour therapeutic effect of immunotherapy are
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Fig. 9. Nanotherapeutic adoptive T cell therapy. a) in situ engineering of leukaemia
from Springer Nature [166]. b) Schematic illustration showing the tumour mild heati
the  tumour growth with a human melanoma model. d) Fluorescent imaging of CD4
[168].

partly reduced by TME. Nanoparticles are ideal vehicles to deliver
a series of suitable antagonists and inhibitors into TME  to acti-
vate CTLs [172,173]. The adoptive T cell therapy serves as an
important immune cell therapy infiltrating tumour. The anticancer
potential of reprograming TAMs from the tumour-promoting phe-
notype to the tumour-suppressing phenotype has been widely
explored. For example, Gu et al. reported dendritic mesoporous sil-
ica coated iron oxide NPs (Fe2O3@D-SiO2) and they demonstrated
the potent ability of polarizing tumour-associated macrophages
from the tumour-promoting phenotype to the tumour-suppressing
phenotype [174]. They further demonstrated that the Fe2O3@D-
SiO2 NPs can increase the intracellular iron level, which is the key to
obtain a magnetite-induced tumour-suppressing phenotype. The
iron-induced interferon regulatory factor pathway is responsible
for the tumour-suppressing phenotype polymerization, which can
further promote the CTL activation to increase antitumour activity
(Fig. 10).

Moreover, immunosuppressive cells including Treg, TAMs and
MDSCs in TME  inhibit anti-tumour effect of cancer immunother-
apy, thus, nanoparticles are designed to inhibit the activities of
immunosuppressive cells in TME  [175]. Song et al. developed an
immunomodulatory multidomain nanogel (iGel) to overcome the
barriers by reversing the immunosuppressive pro-tumoral niche
to an anti-tumour immune TME  [176]. Through local release of

MDSC-, and TAM-depleting drugs, such as gemcitabine (GEM)
and clodronate, from iGel, most of immunosuppressive-associated
cells  are depleted, while inducing tumour cell death, recruit-
ing of antigen-presenting cells (APCs) and generating increased
cellular immunity in TME. When iGel is used for postsurgical
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fic T cells using the T-cell-targeted DNA delivery vectors. Printed with permission
motes antitumor effect of CAR-T Cells. c) Combination of PTT and CAR-T cells inhibit
CD8+ CAR-T cells in tumours. (b-d) Printed with permission from Wiley-Blackwell

reatment, the percentages of MDSCs and M2-type macrophages
ere obviously decreased. Therefore, the iGel is a promising

mmunotherapeutic platform that can re-modulate immunosup-
ressive TMEs and induce effector and memory T-cell response
ith cancer immunotherapy.

The  ECM of the TME  indeed represents the main barrier for
he diffusion and penetration of drugs and lymphocytes during
mmunotherapy. Nanoparticles are exploited as a promising tool
o break through the barriers of tumour ECM. Chen’s group [177]
eveloped a simple PEI/CpG/OVA nanovaccine to package OVA
nd the adjuvant cytosine-phosphate-guanine (CpG) with polyca-
ionic polyethylenimine (PEI). The PEI/CpG/OVA nanovaccine has

 good DCs uptake, endosomal escape into the cytoplasm and
timulation for DCs’ maturation in vitro. More importantly, to over-
ome the main physical barrier of ECM, hyaluronidase (HAase)
as developed to change the tumour permeability through the

nzymatic degradation of hyaluronan (HA) in the tumour ECM,
hereby enhancing the tumour infiltration of the activated T cells.
n vivo experiments further showed that the combination of the
EI/CpG/OVA nanovaccine with HAase increased the number of
VA-specific T cells in treated tumour tissues with a powerful anti-

umour effect in cancer immunotherapy.
Besides, the inherent hallmarks of the TME, including ECM,

pregulation of ROS, hypoxia, and lower pH values, and overex-

ressed enzymes, limit therapeutic functions of immunotherapy.
owever, they have been exploited to design a growing number
f nanomedicines for assisting tumour immunotherapy. NP-based
elivery approaches enable the reversing of the immune suppres-
ion by inhibiting indoleamine 2,3-dioxygenase (IDO) pathway. Nel
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Fig. 10. Mechanism of iron oxide-induced macrophage activation with Fe2O3@
macrophages.  h-j) Signalling pathway of immature macrophages. k) Mechanism of F
with  permission from American Chemical Society [174].

AE’s group [178] designed a dual delivery vector for oxaliplatin (OX)
plus indoximod (IND) using lipid-bilayer-coated mesoporous sil-
ica nanoparticles (MSNs) (OX/IND-MSNs). This is performed with a
phospholipid conjugated with the IDO inhibitor, IND, and encapsu-
lated with porous MSNs. The MSNs interior allows the simultaneous
delivery of the immunogenic cell death-inducing chemotherapeu-
tic agent OX. This immune-chemotherapy can induce a robust
anti-PDAC immunity in pancreatic ductal adenocarcinoma (PDAC)-
bearing mice by the induction of OX-induced immunogenic cell
death as well as through the blockade of the immunosuppres-
sive IDO pathway. The OX/IND-MSNs nanovesicles induce effective
host systemic anti-PDAC immunity, significant tumour reduction or
eradication with the recruitment of CTL and the decreased Foxp3+
T cells (Fig. 11).

In  addition, nanomaterial-based PTT can inhibit the tumour
growth and modulate the tumour microenvironment through reg-
ulating expression of metabolism-related enzymes. Peng et al.
find that a nanomaterial-based delivery platform (NLG919/IR780
micelles) composed of NIR photosensitizer (IR780) and IDO
inhibitor (NLG919) has potential abilities of tumour ablation and
regulation of the tryptophan metabolic pathway in immune cells
by inhibiting the activity of IDO [179]. The NLG919/IR780 micelles
can target the tumour and the lymphatic system effectively. Results
showed that NLG919/IR780-based PTT and immunotherapy can
significantly inhibit the primary and the re-challenged tumours,
and promote the tumour infiltration of CD8+ T cells. The results
demonstrate that regulating pathway of metabolic enzymes in
tumour is a practical approach for the TME  modulation by nanopar-
ticles.

Cancer cells can escape immunity recognition, avoid phagocy-
tosis and immunological eradication by APCs and neutrophils with
the overexpression of CD47 in TME, thus blocking of CD47 with
nanoparticles is a way to induce the phagocytosis of the tumour
and acquired antitumour immune responses [180,181]. Gu’s group
[121] reported that anti-CD47 antibody-modified calcium carbon-

ate NPs (anti-CD47@CaCO3) in the fibrin gel can neutralise H + in the
localized trauma, reverse M2-type TAMs to the M1-like phenotype,
with a decreased level of IL-10 within the tumour. Importantly, the
cellular ‘don’t eat me’  signal associated with cancer cells is blocked
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2. a-f) Characterization of Fe2O3@D-SiO2. g) Population of tumour-suppressing
D-SiO2 nanoparticles-induced tumour-suppressing phenotype activation. Printed

y  the anti-CD47 antibody, thereby increasing immunity recogni-
ion and phagocytosis by macrophages. Results shows that CD47
lockade with anti-CD47@CaCO3 also enhanced the antigen pre-
entation by dendritic cells and macrophages, and initiate the T cell
ediated anti-tumour effect. Moreover, organised NP compounds

an also modulate the TME  by relieving tumour hypoxia [182,183].
EG modified hollow manganese dioxide (H-MnO2) nanoshells
re engineered to carry the photodynamic agent chlorine e6 (C),
nd the chemotherapeutic drug doxorubicin (D). The designed H-
nO2-PEG/C&D is decomposed in tumour low pH environment

nd the loaded H-MnO2 induces the release of tumour endoge-
ous H2O2 to change tumour hypoxia. With the combinational
hoto-chemotherapy, H-MnO2-PEG/C&D induces an orchestration
f anti-tumour immune response.

anomedicine-based synergistic therapy for enhanced
mmunotherapy

adiotherapy with tumour immunotherapy
Radiotherapy (RT) uses ionizing-radiation beams, such as high

nergy X-ray and �-ray, to cure cancers and it is one of the
ost productive avenue of treatments for approximately 50 %

f cancer patients [184]. Since RT is a local treatment, it is not
apable of inhibiting the growth of distantly spread tumours and
umour metastases. However, immunostimulatory effects of RT
ttracted substantial attentions in recent years. Numerous stud-
es showed that RT induces cancer cell death, the release of
umour-associated antigens, induction of certain levels of antitu-

our immune responses, and modulation of the TME  [185]. Thus,
T-induced immune response with nanoparticles has the potential
o convert a nonimmunogenic “cold” tumour to an immunogenic
hot” tumour during immunotherapy. For example, Min et al. [144]
eported that AC-NPs modified with PLGA and certain functional

roups possess antigen-capturing functions, which can enhance
mmune responses after RT. In combination with an anti-PD1 block-
de, the AC-NPs show an enhanced therapeutic effect in bilateral
16F10 tumour mice. AC-NPs induced an increase of CD8+ cytotoxic

 cells and the increase of both CD4 + T/Tregs and CD8 + T/Tregs
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Fig. 11. Lipid-bilayer-coated mesoporous silica nanoparticles (MSNs) with oxaliplatin (OX) and indoximod (IND) (OX/IND-MSNs) are constructed and mediate immunogenic
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cell  death and TME  modulation. a) Schematic illustration of the OX/IND-MSNs. b) B
delivery  of OX plus IND-NV by MSNs induced effective anti-PDAC immunity in the
tissues. Printed with permission from Springer Nature [178].

ratios in the tumour site, and a durable antitumour immunity in
mice.

The efficacy of RT and tumour immunotherapy is often limited
by tumour hypoxia, and nanoparticles can be designed to relieve
tumour hypoxia. In order to improve its efficacy, Liu et al. [186]
developed core-shell NPs, which encapsulate the H2O2 decom-
position enzyme catalase (Cat) and a Toll-like-receptor-7 agonist
(imiquimod, R837) within a PLGA shell (Fig. 12a). The prepared
PLGA-R837@Cat NPs can relieve the tumour hypoxia (Fig. 12b) and
modulate the immune-suppressive TME, which resulted in a sig-
nificant enhancement of the RT efficacy. RT treatment generates
many tumour-associated antigens and induces strong antitumour
immune responses with the help of adjuvants in NPs (Fig. 12c and
d). Moreover, ICB can achieve additional benefits from the synergis-
tic strategy with RT. Together with the cytotoxic CTLA-4 checkpoint
blockade, the combined therapy inhibits tumour metastases and
recurrence with strong immunological abscopal and long-term
memory effects (Fig. 12e). Thus, RT may  enhance the host anti-
tumor efficacy of immunotherapy; in addition, immunotherapy

may increase the ability of radiotherapy to prime systemic effec-
tor T cells, inducing remote and memory effects to kill metastatic
and recurrence tumours. the next-generation RT strategy is able to
synergize host systemic immune responses after local treatment.
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14
ribution of OX/IND-MSNs in tumour-bearing mice by the living imaging. c, d) Dual
topic tumour model. e) IHC analysis of CD8+ and Foxp3+ T cells in treated tumour

hese  combinational strategies bring many benefits to both RT and
umour immunotherapy.

In  order to further improve the curative effect of radioim-
unotherapy on metastatic tumours, Liu et al. developed an in-situ

elation strategy to entrap a radioisotope-labelled enzyme and an
mmune adjuvant in nanoparticles, which not only exhibited local
umour killing effect towards primary tumours, but also showed
ystemic antitumour immune responses in combination with ICB
or metastasis inhibition [187]. Furthermore, the combination of RT
nd immunotherapy was used to treat brain metastases as well. In
he combined therapy, RT can alter the blood brain barrier func-
ions that result in the penetration of immunotherapeutic drugs
nd immune cells into brain metastases to realize their functions
188].

hemotherapy with tumour immunotherapy
The challenges in cancer immunotherapy include the ability of

he vaccines to generate potent immune response, and the difficulty

f having a substantial number of CTLs to penetrate into the tumour.
t has been reported that the single agents from cancer vaccines
annot produce enough clinical benefits due to the existence of
any immunosuppressive factors [189,190]. Nanomaterial-based

hemotherapy is designed to induce enough antigenicity from
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Fig. 12. Tumour inhibition with nanomaterial-enhanced radioimmunotherapy. a) M
body.  b) The tumour hypoxia areas and blood vessel densities after various treatme
of CD4+ FoxP3+ Tregs among CD4 + T cells after various treatments. Printed with pe

apoptotic tumor cells as well as also decrease immunosuppres-
sion in TME. Chemotherapy can increase tumour immune-related
responses with a remarkable superadditive effect [191]. Therefore,
the combination of conventional cancer chemotherapy and can-
cer vaccines can be very promising. Chemo-/immunotherapy has
gradually become one of the current trends in clinical research
[192,193]. The featured synergistic therapies may  build a new
road for the efficient elimination of drug resistance, hypoxic
solid tumours or distant metastatic tumours. Many patients with
poor immune response may  respond to chemo-/immunotherapy.

Nowadays,  biomaterial-based strategies to simultaneously deliver
chemo-immune agents have been engineered to further enhance
the synergistic chemo/immunotherapy efficacy.

Some patients with melanoma and lung cancer considered as
poor responsiveness to ICB with low PD-L1 expression in tumours,
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nism of nanoparticle-enhanced tumour radioimmunotherapy with anti-CTLA anti-
 Tumor-infiltrating CD8 + T cells and CD4 + T cells in tumour tissues. d) Percentage
ion from Wiley-Blackwell [186].

ay  respond to chemo-immunotherapy, and thus nanomedicines
an expand the applicability of ICP blockers [194]. This is because
ome chemical drugs, such as oxaliplatin and doxorubicin, not
nly kill tumour cells but also induce immunogenic cell death
nd systemic immunotoxicity [195,196]. For example, Yu’s group
eported the fabrication of an intelligent dendritic mesoporous
rganosilica NPs with copper ions (Cu-DMONs) capable of trans-
orting glutathione and triggering Fenton reaction. The concurrent
hemo/immunotherapy leads to the amplification of immunogenic
ell death and to the activation of the immune system (Fig. 13a)

197]. They found that the cell inhibition activity of doxorubicin
as significantly improved by the elevated intracellular oxida-

ive stress-producing capacity of the nanomedicine. The potent
mmuno-adjuvants strongly promote the maturation of APCs and
he secretion of cellular cytokines. This strategy utilizes the in situ
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Fig. 13. Hybrid nanoreactors for enhanced chemo-immunotherapy with an off-th
organosilica NPs (DMONs) with copper ions (Cu-DMONs). b-d) Tumour inhibition 

Sons  [197].

apoptotic cancer cells as the source of antigens to induce a robust
immunity, which significantly inhibit tumour growth (Fig. 13b–d).

The existence of cancer stem cells (CSC) has been identified in
a number of solid tumors, including breast cancer, and is often
resistant to chemo-immunotherapy [198,199]. Studies have shown
that controlling the multidrug release with nanoparticles during
chemo-immunotherapy is a key step that can influence the thera-
peutic effect. Lang et al. [200] reported a strategy using a cocktail,
in which chemotherapy against both bulk tumour cells and CSC,
and ICB therapy are integrated into one drug delivery system tar-
geting both bulk tumour cells and CSC. A chemotherapeutic agent
paclitaxel (PTX), a PD-1/PD-L1 inhibitor HY19991 (HY), combined
with an anti-CSC agent thioridazine (THZ), were packaged into
micelle-liposome double layer NPs with enzyme/pH dual-sensitive
properties, named PM@THL. The size of the NP shrank when the NP
is transferred from the circulation to the tumour, favouring cellu-
lar uptake and sequential drug release in the proper location. This
PM@THL formulation, increases the intra-tumoral drug concentra-
tion in mice and performs a significant excellent tumour-killing
ability, with a high tumour inhibiting rate (93.45 %) and lung metas-
tasis suppression rate (97.64 %) in the MCF-7 metastatic breast
cancer model mice. It also reduces the number of CSC and activates
CD4+ and CD8 + T cells to infiltrate the tumors, thus prolonging
the lifespan of mice. Therefore, the cocktail therapy with nano-
technology may  be a promising clinical treatment for breast cancer
(Fig. 14).

Although breakthrough has been achieved in clinical prac-
tice, the current ICP inhibitors still face Achilles’ heel of cancer
immunotherapy, including low response rate and irAEs. To solve

these problems, Song et al. reported a efficacious synergistic treat-
ment with DNA nanoparticles coded with a locally expressed
PD-L1 trap fusion protein for chemo-immunotherapy [201]. The
authors demonstrated that oxaliplatin (OxP) promotes the anti-
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16
f strategy. a) Illustration of the working mechanism of the dendritic mesoporous
he cancer chemo/immunotherapy. Printed with permission from John Wiley and

D-L1  antibody-based ICB treatment in a colorectal cancer. By
ngineering and loading a PD-L1 trap coding plasmid DNA into

 lipid-protamine-DNA (LPD) nanoparticle, PD-L1 trap is targeted
ransiently transported and locally produced in the tumor tissues
ith low adverse effects, and exert synergistic antitumor efficiency
ith OxP. In addition, authors find that the synergistic strategy

f OxP and PD-L1 trap does not increase a number of accumu-
ated Th17 cell in spleen, indicating better tolerance and negligible
rAEs. Therefore, these results rationalize the potential of the locally
xpressed PD-L1 trap, as a more efficient and safer option in cancer
xP-based chemo-immunotherapy.

Smart  nanoparticle delivery vectors, hydrogels and scaf-
olds have been engineered for a simultaneous delivery of
hemo-immune agents with a controlled release rate for a pro-
onged tumour immunotherapy and inhibiting immune tolerance
202,203]. Dong et al. [204] designed a hydrogel with a pro-
rammed release of CpG nanoparticle and DOX. With the assisting
f chemo-immunotherapy, cytotoxic CD8 + T lymphocytes and a
tronger immune response is activated in TME. Moreover, Wang
t al. [205] engineered an in situ formed TME-responsive thera-
eutic scaffold (aPD-L1-GEM@Gel) containing gemcitabine (GEM)
nd checkpoint inhibitor (anti-PD-L1), which can release chemo-
mmune agents with a reactive oxygen species (ROS)-dependent
rogrammed manner. Authors point out that this hydrogel scaf-
old can serves as a reservoir to tune the release behaviour of
herapeutic drugs, and it acts as a ROS scavenger with enhanced
mmunogenic phenotypes within the TME. In this combinational
ydrogel system, the released GEM induces immunogenic tumour.

n a B16F10-induced melanoma model, 50 % of mice treated with

PD-L1-GEM@Gel have a prolonged survive time. The released
nti-PD-L1 induced tumour regression in 4T1 tumour model. This
ydrogel-based strategy provides a valuable chemotherapeutic
rug release platform for cancer immunotherapy (Fig. 15).
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Fig. 14. Systematic illustration of the cocktail therapy against metastatic breast can
statistics of the pulmonary metastatic nodules. c) Photos of the lungs after variou
analysis of the lung sections for the lung metastatic nodules. Printed with permissio

Photo-triggered therapy with tumour immunotherapy
Tumour photo-triggered therapy (also called phototherapy, PT)

involves irradiation of NPs with NIR light to generate hyperthermia,
singlet oxygen or other factors in local areas to kill cancer cells and
inhibit tumour growth with induction of anti-tumour immunity.
Generally, tumour PT includes PTT, PDT and photo-controlled drug
release with its unparalleled advantages, such as diagnosis, low
toxicity, minimal invasiveness and controlled drug release [206].
Immunologically, numerous studies elucidated that PT-based in
situ tumour ablative strategies can activate the cellular immune
system to recognize and kill the remaining tumour cells by exerting
a direct cytotoxicity and destruction of the tumour neovasculariza-
tion. A number of tumour proteins from dying tumour cells provide
natural antigens and adjuvants including heat shock proteins [207]
and alarmins [208] to immune cells. They initiate an inflammatory
cascade that can promote APC intaking, antigen presentation and
the priming of tumour-specific T cells [43]. In addition, the host will
benefit from the immune memory against tumour recurrence and
metastasis. Encouraged by that, many innovative treatments have
been conducted to increase the therapeutic effect of biomaterials-
based PT to combine with tumour immunotherapy.

Tumour PTT is a kind of cancer treatment strategy that employs
the local hyperthermia generated from a NIR laser with photosen-
sitizers accumulated in the tumour. Tumour cells can be destroyed
by hyperthermia that result in protein denaturation, DNA damage
and cell membrane disruption. Furthermore, immune response can
be elicited by photothermia, such as overexpression of heat shock
proteins and increased migration of lymphocytes. After decades of
research, several types of NPs with different shapes and materi-
als have been investigated to evaluate their potential use in PTT.
Traditionally used photothermal agents include metallic materi-
als, such as gold, copper; one-dimensional nanotubes and organic
photothermal agents, such as ICG [209]. Two-dimensional (2D)
materials aroused a wide interest in recent years, such as graphene,
black phosphorus, black phosphorus-analogue materials, MXenes,
borophene, Antimonene, 2D metal, etc [210–213]. In addition, the
use of polymeric NPs is reported in tumour PTT. Nanoparticles

are usually coated with non-immunogenic PEG, an inert polymer,
or conjugated with antibodies that can precisely target tumour
sites and tumour cells by systemic intravenous injection. NIR light
exhibits minimal absorption and dispersion by tissues such as skin,
blood and biomolecules, thus achieving deep tissue penetration.
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 PM@THL nanomedicine. a) Characterization of metastatic nodules. b) Quantitative
tments, and the yellow circles show the tumour lung metastatic nodules. d) H&E

 Wiley-Blackwell [200].

Besides, combination of ICB therapy with PTT results in a potent
bility to surmount tumour recurrence [210]. Liu’s group reported a
ultifunctional therapeutic NP platform which uses PLGA to encap-

ulate a photothermal agent ICG and a Toll-like receptor 7 agonist,
miquimod (R837). Upon NIR laser illumination, the engineered
LGA-ICG-R837 NPs convert the NIR optical energy into hyperther-
ia to ablate tumour cells, consequently inducing the exposure of

umour-associated antigens [214]. Under the presence of neoad-
uvant TLR agonists, NPs have enhanced host immune responses

ith the CTLA-4 blockade to achieve greater antitumour efficacy
Fig. 16a). In their experiment, compared with the untreated mice,
0 % of the mice have a longer survival time in the combined
reated group. This immune adjuvant NP-based PTT together with
CB can clear away primary malignant tumours, generate a potent
mmunological memory effect, and inhibit tumour recurrence and

etastases (Fig. 16b–d).
Current  cancer immunotherapy seeks to keep the balance of

mmune system in host body or localized tumour microenviron-
ent. Researchers have tried to manipulate the dynamic balance

f TME  without disturbing the homeostasis elsewhere in the body.
D4+CD25+Foxp3+ Tregs are well-known immune-suppressor
ells that promote tumor growth through limiting anti-tumour
mmunity and supporting tumor immune evasion [215,216]. Sato
t al. reported CD25-targeted NIR-photoimmunotherapy (NIR-PIT)
o selectively kill Tregs, thus activating T cells and NK cells and
estoring local antitumour immunity [46]. This effect not only
esulted in the elimination of the primary tumour, but also induced
mmune responses in distant tumours (Fig. 17).

PDT was  a clinically approved photo-triggered therapy for a
umber of malignancies, such as esophageal cancers and lung can-
ers [217,218]. Compared with PTT, PDT uses singlet oxygen or
ther ROS to kill tumours directly at their specific sites, and it is gen-
rated by boosting photosensitizer molecules into a high-energy
tate with a specific light wavelength. For example, in gastroen-
erology, there have been a few attempts of combining other
reatments with PDT to treat advanced colorectal cancer (CRC) that
s one of the deadliest cancers with a 5-year survival rate of only 12 %

219]. Even though the checkpoint inhibitors, such as the PD-1/PD-
1 antibody, are among the most promising immunotherapeutic
trategies for CRC patients, their durable response rate remains
ow. Therefore, He et al. reported [220] the use of multimodality
anoscale coordination polymer (NCP) nanoparticles to increase



Q. Liu, Y. Duo, J. Fu et al. Nano Today 36 (2021) 101023

Fig. 15. A smart ROS-responsive therapeutic scaffold for combined chemo-immunotherapy. a) Schematic illustration of the ROS-responsive aPD-L1-GEM@Gel platform. b-i)
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Anti-tumour effect of local gel scaffold with a B16F10 melanoma. Individual (b) and 

treated groups. e) Immunofluorescence of CD4+ and CD8 + T cell in tumours. (f and g
and  CD8 + T cells (i) to Tregs in the tumors after various treatments. Teff, effector T c
[205].

the response rate of PD-L1 antibody-mediated cancer immunother-
apy for CRC. In the study, NCP core-shell NPs carry oxaliplatin
and the photosensitizer pyrolipid (NCP@pyrolipid) for an effective
tumour chemotherapy and PDT. The mechanism of synergy is that
killed tumour cells by both chemotherapy and PDT provokes an
antitumour immune response. When combined with anti-PD-L1
therapy, NCP@pyrolipid not only eliminate the light-irradiated pri-
mary tumours, but also the distant tumours in bilateral syngeneic
mouse tumour models of CT26 and MC38 by generating a strong
tumour-specific immune response and high tumour infiltration of
CD8+/CD4+ T cells.

Furthermore, Song et al. developed a combined PDT and
immunological therapy by designing a chimeric peptide, PpIX-1 M
T, that is comprised of the photosensitizer PpIX and ICP inhibitor
1 M T via a caspase-responsive peptide, Asp-Glu-Val-Asp (DEVD).
The PpIX-1 M T NPs-based PDT induce apoptosis of cancer cells, and
thus trigger an anti-tumour immunity. The PpIX-1 M T nanopar-
ticles target tumor cells and release caspase-3 and 1 M T from
nanoparticles and induce the activation of CD8 + T cells. As a
result, the primary tumour and lung metastasis are effectively
inhibited with a pulmonary tumorous metastasis of mice colon car-
cinoma model [221,222]. Yu et al. developed a graphene oxide (GO)

conjugate, namely GO(HPPH)-PEG-HK nanoparticles consisting of
tumour integrin ���6-targeting peptide (HK), GO and coated with
photosensitizer HPPH. They found that nanoparticle-based PDT
suppresses tumour growth in both mouse subcutaneous tumour

e
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e (c) tumor growth kinetics in various treated groups. d) Survival curves of various
bers of the CD8 + T and CD4 + T cells in tumors. (h and i) Ratios of CD4  + T cells (h)

inted with permission from American Association for the Advancement of Science

nd  lung metastatic model. PDT-induced necrotic tumour cells acti-
ate DCs and significantly prevent tumour growth and metastasis
221,223].

In other studies, inorganic NP-based photosensitizers showed
everal advantages, including high molar extinction coefficient,
esistance to photo-degradability, and strong NIR responsiveness,
ompared with conventional organic molecular photosensitizers,
hich are limited due to photobleaching, small absorption cross

ection, and low NIR photothermal conversion efficiency. NP-based
TT photosensitizers can also promote anti-tumour immune acti-
ation by ablating tumour cells to release tumour antigens and
mmunostimulatory molecules. For example, GNPs-based PTT pho-
osensitizers can stimulate the high expression of proinflammatory
ytokines, GM-CSF, and chemokines, which can induce DC  matura-
ion in tumour draining lymph node [224]. It is worth mentioning
hat the photothermia-induced immune response can be attenu-
ted by overheating to over 45◦ C.

PDT  has limited tissue penetration depth by NIR, and the gener-
ted immune responses cannot sufficiently eliminate tumour cells.
u et al. reported that upconversion NPs (UCNPs) are simultane-
usly loaded with imiquimod (R837), a Toll-like-receptor-7 agonist
nd chlorin e6, a photosensitizer [162]. The obtained NPs show

nhanced tissue penetration depth under NIR irradiation, resulting
n an effective tumour destruction to generate a pool of tumour-
ssociated antigens. More significantly, when PDT is combined with
he checkpoint blockade, primary tumours are eliminated under
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Fig. 16. ICG-triggered photothermal therapy combined with ICB for tumour photo-
immune-stimulation responses. b-d) Anti-tumour effect of nanoparticle-assisted PT
Springer  Nature [214].

the illumination of NIR laser, and a strong antitumour immunity
in vivo is activated against distant tumours after PDT treatment.
Furthermore, such a PDT-based immunotherapy has induced a
host long-term memory immune protection against tumour cell
re-challenge.

Thus, there are various photo-sensitive nanoparticles that
have been developed in tumour immunotherapy. However, so
many complex modifications and drug-packages, systemic toxicity,
low bioavailability, ineffective tissue penetration, hyperthermia-
induced inflammation, and tumour metastasis need to be solved
for improved results to be expected at the clinical trials.

Novel  magnetic NPs used in tumour immunotherapy

Magnetic iron oxide nanoparticles (MNPs) have been approved

and employed in biomedicines, such as Venofer®, Ferrlecit®,
INFed®, Dexferrum® and Feraheme®, to treat anemia related
to chronic kidney disease (CKD) and tumours [225]. To treat
tumours, iron oxide nanoparticles are designed and specifically
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notherapy. a) Schematic illustration of the synthesis of NPs and the corresponding
 anti-CTLA-4 therapy, and the schematic illustration. Printed with permission from

ocused  on magnetic resonance imaging agents, magnetic localized
yperthermia and magnetic tumour targeting vectors in tumour

mmunotherapy. Magnetic NPs can navigate to tumours under a
agnetic field, which can significantly reduce the off-target effects

226–228]. For example, a engineered MNPs with fucoidan-dextran
IO@FuDex3) was reported for tumour-localized anti-PD-L1-based
mmunotherapy (Fig. 18a) [229]. The nanomedicine with target-
ng ability generated from the magnetic navigation to the tumour

inimizes the off-target effects (Fig. 18b). The combined therapy
educes the tumour growth and metastasis (Fig. 18c, d), and the
ccurrence of irAEs, thus extending the median survival of the
reated mice. The IO@FuDex3 NPs can achieve in situ expansion
f tumour-infiltrating T cells and reinvigorate TILs, which results

n the repair of the immunosuppressive TME (Fig. 18e–g). Regret-
ably, physiological stability and biocompatibility, cost-effective,
nd scaled-up production of MNPs are key limiting factors to
ranslate in-lab formulations to magneto-responsive therapeutic

edical products with satisfactory efficacies.
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Fig. 17. Spatially selective depletion of tumour-associated Treg cells with photo-im
PIT).  b) Tumour bearing-mice were treated with anti-CD25-F(ab′)2–IR700 after NIR i
activity. e) Tumour volume after local CD25-targeted NIR-PIT. f) Mice survival after v
with  permission from American Association for the Advancement of Science [46].

Exosomes for cancer nano-immunotherapy
Exosomes are small biological phospholipid nanovesicles

involved in a wide array of biological activities, such as intercellu-
lar communication, signalosomes, transport of bioactive molecules,
and modulation of the immune response [230,231]. Exosomes con-
taining/expressing CD47 protein have long-term blood circulation,
capacity of cargo-transfer and low toxicity [232]. Researches indi-
cate that bioengineered exosomes-based nanomedicine can be
engineered for drug/RNA delivery in cancer immunotherapy with
low toxity [233–235]. Due to the ability to cross the patient blood
brain barrier (BBB), exosomes are also exploited as a novel strat-
egy in the treatment of brain tumour [236]. This helps to overcome
the challenges by the use of the current targeting drug therapy for
specific cell types/tissues or crossing the blood brain barrier, where
immune cells have a huge difficulty in tumour targeting, infiltra-
tion and anti-tumour effect. The use of the current 3 main classes
of exosomes, such as DC-, tumour- and ascetic cell-derived exo-
somes represents the basis for the development of future cell-free
cancer vaccines [237,238]. For example, Wolfers J et al. reported
that tumour cell-derived exosomes contain tumour neoantigens
that induce CD8 + T-cell-dependent antitumour effects against
allogeneic mouse tumours [238]. Moreover, Fu et al. showed that
exosomes derived from effector CAR-T cells express a number
of cytotoxic molecules, and have great therapeutic potential to
attack cancer cells and have a low toxicity [239]. Chimeric recep-
tors are first engineered to contain single-chain variable fragments
(scFvs) derived from human EGFR and HER2 antibodies. Results
showed that compared with CAR-T cells, CAR exosomes do not carry
PD1, and their antitumour effect cannot be impacted by recombi-
nant PD-L1 treatment. Importantly, CAR exosomes are relatively
safe compared with CAR-T therapy with a small cytokine release
storm. Thus, this work support that the application of exosomes
as nanomedicines may  be useful in future tumour immunotherapy
(Fig. 19). In addition, exosomes could be modified with antibodies

and aptamers as a targeting nanoparticle delivery vector. However,
isolation of exosome by ultracentrifugation or commercial kits, and
packaging of nanoparticles/drug with exosomes are exceptionally
tedious, time consuming, and laborious, that hinder the clinical
transformation.

i
c
c

20
otherapy. a) Regimen of CD25-targeted near-infrared photoimmunotherapy (NIR-
tion of only the right tumor. c, d) Bioluminescence imaging (BLI) of tumor luciferase

 treatments. g) Schematic illustration of the proposed immune mechanism. Printed

ultiple  therapeutic methods combined with tumour
mmunotherapy

Besides the above-mentioned therapies for cancer immunother-
py, multiple combined therapeutic methods were developed
ue to the limited benefits of immunotherapy. From the previ-
us discussion, the radiotherapy (RT) treatment can regulate the
umour associated antigens and other aspects to promote the anti-
ancer effect of cytotoxic T lymphocyte. Moreover, chemotherapy
an be used to modulate the local TME  to induce immunogenic
esponses. Therefore, combination of RT and chemotherapy for
umour immunotherapy has been reported for clinical translation
f the combination treatments. For example, Gao et al. prepared
Ps containing selenium to deliver chemotherapeutic drug to the

umour site [240]. When combined with a radiation stimulus, the
ultiple therapies have a synergistic effect because the radiation

herapy facilitates the release of chemotherapeutic drugs and can
nhance the efficacy of chemotherapy in the tumour immunother-
py. In their combined therapy, the natural killer cell-mediated
mmunotherapy was  significantly enhanced and efficient against
ung metastatic and subcutaneous tumour models (Fig. 20).

Moreover,  stimuli activated prodrug NPs were synthesized
or combined cancer immunotherapy. For example, Hou et al.
eported the preparation of stimuli responsive NPs that enable the
ombined deliver of immune modulators to the tumour site for
ancer immunotherapy [241]. The NPs were engineered and had

 response to the intratumoral microenvironment, and the intra-
ellular acid microenvironment. The authors demonstrated that the
ynthesized NPs were capable of the delivery of photosensitisers for
DT and polymeric prodrug for promoting the proliferation of CTLs
nd suppressing the Tregs. This strategy showed an effective combi-
ation therapy for cancer immunotherapy through the modulation
f the TME  synergistically with PDT (Fig. 21).

oncluding remarks and clinical translation
The last decades have achieved an extensive progress
n cancer immunotherapy and nanomedicine-assisted can-
er immunotherapies [20,242,243]. Some nanomedicine-assisted
ancer immunotherapies have entered clinical investigation
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Fig. 18. Fucoidan-based magnetic nanoparticles in tumour-localized immunother
tumours.  c, d) Tumour inhibition performance and anti-metastatic capacity of the N
+  T cells (f) and Tregs (g) cells after treatments with IO@FuDex formulations. Printe

[244,245]. This review comprehensively highlighted and sum-
marized Achilles’ heel of cancer immunotherapy. To solve the
current problems of tumour immunotherapy, we organized recent
advances on nanomaterial-based immunotherapy with specific
mechanisms of nanomaterials in the cancer-immunity cycle
(Table 1). Advanced nanomedicines with low toxicity have offered
a potential immuno-bioimaging and delivery platforms owing to
their abilities of immune activation, modulation and capability to
regulate the pharmacokinetic profiles of immunological agents.
Nanomedicine is an important component for combination therapy
with other existing modalities, including chemotherapy, RT, and
PT. Nanomedicine-based immunotherapeutics enhance immunity
elicitation, CTL activity promotion, and tumour infiltration by CD8+

T cells, thus overcoming Achilles’ heel of cancer immunotherapy.
Based on the previous description, a wide range of examples of

nanoplatforms have been developed in tumour immunotherapy.
These nanoparticles have enhanced features and functionality in
increasing drug loading and bioavailability, decrease in systemic
drug toxicity, and inducing host anti-tumour immunity. However,

most nanodrugs are composed of simple structures that are not
as complex as reported in the literatures, and they are built on
the well described systems. The clinically approved formulations
are mainly of liposomal, polymeric or micellar nanomedicines
[246]. Such formulations allow the nanomedicines to have a

r
f
a
a
f

21
) Characterization of IO@FuDex, b) Magnetic nanomedicines are accumulated in
sed formulations in various tumour models (4T1). Changes of CD8 + T cells (e), CD4

 permission from Springer Nature [229].

etter  cargo encapsulation and protection, biocompatibility, pro-
onged blood circulation and more drug accumulation in target
umour tissues. Many nanomedicines, such as PEGylated liposomal
oxorubicin (Doxil®, 1995), liposomal daunorubicin, DaunoX-
meR (DaunoXome®, 1996), liposomal Cytarabine (DepoCyt©,
996), liposomal Irinotecan (Onivyde®, 2015), liposomal Vin-
ristine (Marqibo®, 2012), are currently approved for the treatment
f various types of cancers, mainly Kaposi’s sarcoma, pancreatic
ancer, breast, metastatic ovarian, and myeloid leukemia [47]. In
ddition, recent great advances in liposomal nanoparticle-based
ancer immunotherapy have been made, such as liposomal NPs
n tumour cells, NK cells, DCs, macrophages, and T cells [247].
mong polymeric drugs, Copaxone® and Neulasta® are two of the
est-selling drugs in the US, that are used for multiple sclerosis
nd chemotherapy induced neutropenia [248]. Recently, inorganic
anomedicines have been extensively investigated for imaging and
herapeutic treatments, especially the gold nanoparticles (such as
uroLase®, NU-0129) [105]. Microneedles have been used as pain

ree deliveries to load and release nanomedicines targeting of skin-

esident cells. Frankly, there are still many problems to be solved
or microneedle-based nanomedicines, including the controlling
nd sustained release of the nano-drugs, and skin infection and
cute inflammation. Thus, only few nanomaterials have success-
ully passed through clinical trials and approved due to the toxicity,
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Fig. 19. Antitumour effects of CAR exosomes obtained from CAR-T cells. a) design maps of prepared CARs. b) CAR expression in designed CAR-T cells. c) Transmission electron
micrographs of exosomes. d) Histograms of positive granzyme B and perforin in CAR-EXO, the black indicates the isotype controls. e) Western blotting of granzyme B and
perforin in exosomes and CAR-T cells. (f) and SK-BR-3 (g) tumour after CAR exosome treatment with or without blocking recombinant antigen. h) Tumour growth of different
subcutaneous xenografts treated with weekly doses of CAR exosomes. Printed with permission from Springer Nature [239].

Fig. 20. Schematic illustration of the combination of tumour chemotherapy, RT, and immunotherapy. Printed with permission from Wiley-Blackwell [240].

22
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Fig. 21. Schematic illustration of the stimuli-activated NPs for cance

poor host degradability and clearance [249,250]. Magnetic iron
oxide nanoparticles is also an emerging magnetic clinical reagent
in resonance imaging research (including Ferumoxsil, Ferumoxide,
Ferucarbotran, Feruglose, Ferumoxytol, and Ferristene MNPs) and
magnetically guided therapeutic vectors (including Feraheme®,
NanoTherm®, Magnablate I, SPION-epirubicin, and MTC-Dox
MNPs) [225]. Patients with glioblastoma have a prolonged 12
months overall survival after iron oxide nanoparticles-based
nanomedicine (NanoTherm®) [251]. Moreover, many clinical can-

cer nanomedicines and nano-immunotherapies under clinical
trials are well documented [252,253]. For example, nanoparti-
cle albumin-bound (nab)-paclitaxel could enhance the anticancer
activity of atezolizumab in advanced or metastatic triple-negative
breast cancer [254].
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unotherapy. Printed with permission from Wiley-Blackwell [241].

Although many scientific researchers are fully aware of the
dvantages and disadvantages of representative nanomaterials,
everal challenging issues of nano-immunotherapy warrant further
nvestigation for clinical transformation of medicines [255,256],
ncluding 1) biosafety. Ideal nanomedicines should have an excel-
ent biodistribution and biocompatibility, low cytotoxicity, and
erfect metabolic profile. It is believed that the good biodistribu-
ion of nanomedicine is a fundamental prerequisite for the success.
f NPs trigger immunotoxicity and autoimmunity, corresponding

trategies should be developed to minimize such incidences. In
ddition to intrinsic toxicity of nanomedicines, over-activation of
he immune system by nanomaterials or immunotherapy appli-
ations themselves warrants careful assessment; 2) Improvement
f therapeutic efficacy. Clinical benefits of tumour vaccines, adop-
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Table 1
Summary of recent representative biomaterials for cancer immunotherapy.

Approaches Representative
biomaterials

Imaging
/Immunomodulators

Key findings Ref.

Immuno-
bioimaging

ErNPs-aPDL1 Imaging of CD8 and
PD-L1

To monitor the behavior of
key immune cells and
drug/antibody
pharmacokinetics in vivo

[82]

64Cu-Macrin Imaging of
macrophages

[88]

Gold  nanoparticles
(NPs)

Imaging of T cells [100]

Drug  delivery Lipoprotein nano-disks Antigen, CpG and
anti-PD-1/CTLA-4

To target intended immune cells with nanoparticles in
blood

[113]

Microneedles DNA vaccine, poly I:C To load and release drugs/ adjuvants/DNA from the
skin

[134]

A gel depot, CaCO3 NPs Anti-PD1, Zebularine To carry and release agents by a local drug delivery
platform

[136]

Immunity
elicitation

Polymeric PC7A NPs OVA antigen To activate antigen-presentation in APCs and
STING-dependent adaptive immune responses

[143]

Antigen-capturing NPs Anti-PD-1 To enrich tumour antigens in vivo and enhance
exposure of antigens for APCs

[144]

RNA-lipoplexes RNA To mediate a precisely RNA uptake for DC and
macrophages in lymphoid organs

[145]

Carbon
nanotube-polymer

Antigens, IL-2 Nanomaterial-based artificial immune cells, such as
APCs

[155]

CTL  activity
promotion

A dual-locking
nanoparticle

CRISPR/Cas13a system A gene-editing system for nanoparticle-based ICB [163]

HMME/R837@Lip NPs Imiquimod (R837) A sonodynamic therapy with immunotherapy [165]
Polymer-based NPs Anti-CD3, CD19-CAR

DNA
To engineer T cell in vivo with nanoparticles [166]

Fe2O3@D-SiO2 NPs Fe2O3 To change the TME  by polarizing tumour-associated
macrophages

[174]

A nanogel Gemcitabine,
clodronate

To re-modulate immunosuppressive TMEs by nanogels [176]

A PEI/OVA nanovaccine CpG/OVA To break through the barriers of tumour ECM IN TME  [177]
Mesoporous silica NPs Indoximod, oxaliplatin To reverse the immune suppression by IDO signal

pathway in tumours
[178]

NLG919/IR780 micelles NLG919 To modulate TME  by PTT and inhibiting tumour
metabolism

[179]

Calcium carbonate NPs Anti-CD47 To limit immunity escape and enhance APC-induced
phagocytosis

[121]

Synergistic therapy PLGA-R837@Cat NPs Imiquimod R837 To relieve tumour hypoxia by radiotherapy and
immunotherapy

[186]

Organosilica NPs Anti-PD-L1 To expand the applicability of ICB with
chemo-immunotherapy

[197]

Micelle-liposome NPs PD-1/PD-L1 inhibitor
HY19991

Cancer stem cells-based chemo-immunotherapy [200]

Hydrogel  Anti-PD-L1 Hydrogel based chemo-immunotherapy [205]
PLGA-ICG-R837 NPs R837, anti-CTLA-4 Photo-immunotherapy [214]
IO@FuDex3 NPs Anti-PD-L1 Magnetic nanoparticle-based immunotherapy [229]
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CAR exosomes CAR exosomes 

PSeR/DOX NPs Selenium 

tive T cell therapy, and ICB are dependent on the total number and
activation status of TILs in TME. Nanomedicines should be able to
increase recruitment of TILs into tumour tissues, activation of the
host innate and acquired immune system, and modulation of TME;
3) Tightly controlled regulatory systems. Ideally, nanomedicines
should offer an opportunity to switch on and off the immune
system at any given time in order to enhance the anticancer effi-
cacy and minimize global adverse effects; and 4) Ideal disease
models, many nanomedicines have shown remarkable results in
animal models, but not in human clinical trials. Establishing in vivo
humanized models to reflect the natural cancer state and therapeu-
tic intervention between nanomedicines-assisted immunotherapy
and tumours is urgently demanded, which is a promising way  to
optimize the flexibility of combination immunotherapy. 5) Chal-
lenges of drug design and manufacturing. Although the proof of
concept of nanomedicines in the clinic has been achieved, several

unresolved challenges remain, including high drug loading, stabil-
ity in circulation, specific targeting to tumor tissues, high cost of
manufacturing, and industry-scale production hamper translation
of nanomedicine for clinical use;

P
d
t
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Exosome-based immunotherapy [229]
Radiotherapy, chemotherapy and immunotherapy [240]

Undoubtedly, the efficacy of cancer immunotherapy can be
trengthened by exploited nanomedicines, and most approved
anomedicines embed existing drugs as payloads, such as poly-
eric (PLGA) NPs or liposomes [247,257]. With the development

f recent technologies, we  anticipate that the next generation
f nanomedicines would incorporate the latest classes of thera-
eutic agents such as exosome, siRNA, mRNA, antigen, and gene
diting system in combination with immunotherapeutics. Multi-
isciplinary approaches across different disciplines and intimate
ooperation between oncologists, bioengineers, immunologists,
nd clinical experts are necessary for development of the most
ffective modalities for cancer therapy.
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